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ASA subunitsMitochondrial F1F0-ATP synthase of chlorophycean algae is a dimeric complex of 1600 kDa constituted by 17
different subunits with varying stoichiometries, 8 of them conserved in all eukaryotes and 9 that seem to be
unique to the algal lineage (subunits ASA1–9). Two different models proposing the topological assemblage of
the nine ASA subunits in the ATP synthase of the colorless alga Polytomella sp. have been put forward. Here,
we readdressed the overall topology of the enzyme with different experimental approaches: detection of
close vicinities between subunits based on cross-linking experiments and dissociation of the enzyme into
subcomplexes, inference of subunit stoichiometry based on cysteine residue labelling, and general three-
dimensional structural features of the complex as obtained from small-angle X-ray scattering and electron
microscopy image reconstruction. Based on the available data, we reﬁne the topological arrangement of the
subunits that constitute the mitochondrial ATP synthase of Polytomella sp.olecular, Instituto de Fisiología
oyoacán, 04510 México D.F.,
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ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Mitochondrial F1F0-ATP synthase (complex V) makes ATP using
the electrochemical proton gradient generated by the respiratory
chain. The synthase is an oligomeric complex embedded in the inner
mitochondrial membrane that works like a rotary motor [1–3].
Chlorophycean algae like Chlamydomonas reinhardtii and Polytomella
sp., a particular lineage of green algae (the Chlorophytes), have a
highly stable dimeric mitochondrial F1F0-ATP synthase, with an
estimated molecular mass of 1600 kDa [4–9]. The chlorophycean
enzyme contains the eight conserved subunits present in the vast
majority of eukaryotes, which represent the main components of the
proton-driven rotary motor and the catalytic sector of the enzyme:
subunits α, β, γ, δ, ε, a (ATP6), c (ATP9), and OSCP. Nevertheless, and
in sharp contrast with other mitochondrial F1F0-ATP synthases, likethe one from beef heart, the algal enzyme seems to lack several classic
components [10]: the subunits of the peripheral stalk b, d, f, A6L, and
F6 [11,12], the subunits responsible for dimer formation e and g
[13,14], and the regulatory polypeptides IF1 [15] and factor b [16].
Instead, the algal enzyme contains nine subunits with molecular
masses ranging from 8 to 60 kDa named ASA1 to ASA9 (for ATP
synthase associated proteins) [4,7,10]. The ASA subunits build up a
highly robust peripheral stalk with a unique architecture, as observed
on single-particle electron microscopy (EM) images [6,17].
Two contrasting models suggesting a topological arrangement for
subunits ASA1 to ASA9 of the Polytomella ATP synthase have been put
forward [7,8]. We found of interest to gain further insights on the
close-neighbor relationships between the ASA subunits and their
interactions with some of the classical subunits. In this work, we
reassessed the topological disposition of the components of the algal
mitochondrial ATP synthase using different experimental approaches:
detection of subunit–subunit interactions based on cross-linking
experiments, generation of subcomplexes after partial dissociation of
the dimeric ATP synthase, inference of subunit stoichiometry based on
labelling of cysteine residues, and modelling the overall structural
1440 A. Cano-Estrada et al. / Biochimica et Biophysica Acta 1797 (2010) 1439–1448features of the complex from small-angle X-ray scattering (SAXS) data
and EM image reconstruction. Based on the results obtained from
these diverse experimental strategies, we suggest a reﬁned model for
the disposition of the 17 different polypeptides with varying
stoichiometries that constitute the algal mitochondrial ATP synthase.
2. Materials and methods
2.1. Algal strains and growth conditions
Polytomella sp. (198.80, E.G. Pringsheim) obtained from the
Culture Collection of Algae at the University of Göttingen (SAG) was
grown as previously described [5].
2.2. Cloning and sequencing of cDNAs encoding subunits of the ATP
synthase of Polytomella sp.
TheDNAsequences encoding regions for the subunitsASA2 (partial),
ASA3 (partial), ASA4, ASA6, ASA7,ASA8, δ andOSCP fromPolytomella sp.
were each ampliﬁed from a λ-ZAPII cDNA library [18] by PCR with the
appropriate oligonucleotide primers. Primers were synthesized with
restriction sites to allow efﬁcient subsequent cloning (not shown). The
designed forward primers were as follows: ASA2f, 5′- GAC GCT GCC GT
(C/G/T) GC(C/G/T) CT(C/T) AC(C/T) TAC-3′; ASA3f, 5′-ATG-CGT-CAG-
GCT-AGT-CGC-3′; ASA4f, 5′-GCT ACCGAG CCT GCTGTT TC-3′; ASA6f, 5′-
GCTTGATCT TTCATAAAGATG-3′;ASA7f, 5′- CTTACCACT TTTACCTTC-
3′; ASA8f, 5′-ATG GTC CTC GGT GAG GTC TAC-3′; DELTAf, 5′-GAC ACT
ATG TTT GGA CTC AAA-3′; and OSCPf, 5′-GCT GCC CAG GCT GAG CTC
AAG-3′. The reverse primers used were as follows: ASA2r, 5′-TCA (G/A/
C)AC (G/A)GC GTA (G/A/)CC CTG (G/A/C)GC CTC-3′; ASA3r, 5′-GTG-
AAG-TTG-GCG-GAG-ACG-TTG-3′; ASA4r, 5′-TTAAGCAGCGAC CTT AGG
GC-3′; ASA6r, 5′-ATA TTG GTC AAT CAT TTA AAG-3′; ASA7r, 5′-CTA TGC
TTGGAGAGGAGGAAG-3′;ASA8r, 5′-TAG TGACCACCAGCAGTGTAAG
-3′; DELTAr, 5′-TTT ATC TAA TTA CGC TTA AGC-3′; and OSCPr, 5′-AAC
GAA CTA ATT TAA ATA GAA AGA-3′. The ampliﬁed PCR products were
fractionated on 1% agarose gel and puriﬁed by QIAquick gel extraction
kit (Qiagen), cloned with the pGEM-T easy vector system (Promega),
and sequenced using T7 and SP6 primers. The obtained sequences have
been deposited in GenBank with the accession numbers shown in
Table 1.
2.3. Polytomella ATP synthase puriﬁcation
Polytomella sp. mitochondria were solubilized in the presence of n-
dodecyl-β-maltoside (laurylmaltoside or LM)and theATPsynthasewas
puriﬁed following the described procedure [7]. For EM studies, the
buffer in the glycerol gradient centrifugation step was modiﬁed. The
enzyme obtained from the DEAE-Biogel A column was loaded on
discontinuous 15–50% glycerol gradients in 20 mM Tris (pH 7.5), 1 mM
EDTA, 2 mM ATP and 0.2% digitonin, and centrifuged at 54,000×g for
17 h at 4 °C. Fractions containing dimeric ATP synthase were identiﬁed
by BN–PAGE and prepared for EM analysis as described below.
2.4. Protein analysis
After treatingwith detergents, the algal ATP synthasewas subjected
to BN–PAGE as described by Schägger [19]. When indicated, BN–PAGE
was followed by 2D tricine–SDS–PAGE [20]. Protein concentrations
were estimated according to Markwell et al. [21]. Denaturing gel
electrophoresis was carried either in a glycine–SDS–PAGE system [22]
or in a tricine–SDS–PAGE system [20], as indicated.
Cross-linking experiments were carried out with the water-
insoluble, hetero-bifunctional, thiol-cleavable reagent N-succinimidyl
3-(2-pyridyldithio)-propionate (SPDP; Pierce) and its water-soluble
analog sulfosuccinimidyl 6-[3′(2-pyridyldithio)-propionamido] hex-
anoate (sulfo-LC-SPDP; Pierce). The enzyme (3.5 mg protein/mL) wasincubated in a buffer containing 20 mM HEPES (pH 7.4), 1 mM
sodium EDTA, 10 mM succinate, 35 mM NaCl, 2 mM ATP and 0.1 mg/
mL LM, in the presence of 1 mM SPDP or 2 mM sulfo-LC-SPDP, for
7 hours at 4 °C. Reactions were stopped by the addition of 25 mM Tris
(pH 8.0) (ﬁnal concentration). The corresponding samples (120 μg of
protein) were subjected to SDS–tricine–PAGE [7% (wt./vol.) acryl-
amide] in nonreducing conditions. The lanes of interest were cut and
incubated for 1 hour in the presence of 50 mM 1,4-dithiothreitol, 0.1%
SDS, 0.1 M Tris, 0.1 M tricine (pH 8.25), and loaded onto 2D tricine–
SDS–PAGE [12% (wt./vol.) acrylamide]. Cross-linking experiments
with the water-soluble, homo-bifunctional, thiol-cleavable reagent
3,3′-dithio-bis-(sulfosuccinimidyl-propionate) (DTSSP) and with the
water-insoluble, homo-bifunctional, thiol-cleavable reagent dithio-
bis-(succinimidyl)-propionate (DSP) were carried out as previously
described [7,9].
2.5. Labeling of cysteine residues with ﬂuorescent probes
The cysteine residues of Polytomella sp. F1F0-ATP synthase were
reacted with the ﬂuorescent probes ﬂuorescein-5-maleimide and 5-
iodoacetamido-ﬂuorescein (Pierce) under denaturing conditions. Two
hundred micrograms of the enzyme was denatured with 1% SDS and
15 mMdithiothreitol (ﬁnal concentrations) for 30 min. The denatured
enzyme was incubated with 5-iodoacetamido ﬂuorescein in a 10-fold
molar excess over total estimated thiol groups (1.4 mM ﬁnal
concentration). The reaction was carried out at room temperature
for 2 hours. In the case of the ﬂuorescein-5-maleimide labeling, the
dithiothreitol was removed dialyzing two times (using a 3500-Da
molecular mass cutoff membrane) against 100 mL of a buffer
containing 20 mM Tris (pH 7.4), 8 mM sodium EDTA, and 1% SDS at
room temperature. Fluorescein-5-maleimide was added in 10-fold
molar excess over the total estimated thiol groups (1.4 mM ﬁnal
concentration). The reaction was carried out for 2 hours at room
temperature. The excess of reactive reagent was removed by
centrifugation through the column of a syringe containing Sephadex
G50-ﬁne equilibrated with 20 mM Tris (pH 7.4), 8 mM sodium EDTA,
and 1% SDS. The labeled samples were loaded onto tricine–SDS–PAGE
at increasing protein concentrations. The ﬂuorescent bands were
scanned at 532 nm in a variable mode imager Typhoon 9400 (GE
Healthcare), and the ﬂuorescence intensities were quantiﬁed using a
MacBiophotonics ImageJ program.
2.6. Dissociation of the enzyme into subcomplexes
The puriﬁed algal ATP synthase (120 μg of protein) was incubated
for 30 min on ice in the presence of additional 0.5% lauryl maltoside
and then heated at 60 °C for 26 seconds. The sample was subjected
to BN–PAGE in gradient gels of 4–12% acrylamide. The lanes of
interest were excised and incubated in the presence of 1% SDS and
1% β-mercaptoethanol for 15 min and then subjected to 2D tricine–
SDS–PAGE in 14% acrylamide gels.
2.7. SAXS analysis
To obtain overall structural information of the algal F1F0-ATP
synthase, small-angle X-ray scattering (SAXS) analysis was carried out
at the D11A-SAXS beamline of the Brazilian Synchrotron Light
Laboratory (LNLS) [23]. Puriﬁed and solubilized F1F0 (3.0 mg/mL) was
analyzed in 50 mM Tris-HCl (pH 8.0) buffer containing 0.1 mg/mL LM.
As a control, a 12 mg/mL sample of human lysozyme was also
measured, yielding the biophysical parameters and low-resolution
models in accordance with its known molecular structure. Data were
collected using a two-dimensional position-sensitiveMARCCDdetector,
withwavelength=1.488 Å, at 25 °C. Data acquisitionwas performedby
taking three successive 300-second frames of each sample. Themodulus
of the scattering vector q was calculated according to q=(4π/λ) sinθ,
Table 1
Sequences of the polypeptides associated with Polytomella F1F0-ATP synthase and percent identity with its C. reinhardtii counterparts.
Subunit name Organism GenBank accession number Counterpart in Chlamydomonas
(GenBank accession number)
% identity Reference
ASA1 Polytomella sp. CAD90158 XP_001692395 54 [8]
EDP03873
β (ATP2) Polytomella sp. CAI34837 XP_001691632 86 [8]
EDP04740
α (ATP1) Polytomella sp. CAI34836 XP_001699641 82 [8]
EDP07337
ASA2 Polytomella sp. GU014474 (partial) XP_001696742 46a This work
EDP00850
ASA3 Polytomella sp. GU121441 (partial) XP_001700079 51a This work
EDO98373
ASA4 Polytomella sp. GQ168485 XP_001693576 50 This work
EDP08830
γ (ATP3) Polytomella sp. CAF03602 XP_001700627 71 [8]
EDO97956
a (ATP6) P. parva EC749403 (partial) XP_001689492 46a [36]
EDP09230
OSCP (ATP5) Polytomella sp. GQ422707 XP_001695985 62 This work
EDP01322
ASA7 Polytomella sp. GQ427067 XP_001696750 47 This work
EDP00858
δ (ATP16) Polytomella sp. GU075869b XP_001698736 67 This work
EDO99236
ASA5 P. parva BK006876 (partial) XP_001697115 61a This work
EDP00370
ASA6 Polytomella sp. GU112182c XP_001701878 54 This work
EDP06853
ASA8 Polytomella sp. GQ443453 XP_001695222 79 This work
EDP01930
ASA9 P. parva BK006898 XM_001694550 61 This work
EDP02597
ε (ATP15) P. parva EC748275 XP_001702609 59a [36]
EC748655 EDP06388
EC749219 (partial)d
c (ATP9) Polytomella sp. GU075868e XP_001701531 62 This work
EDO97408
XP_001701500
EDO97377
a Identity was estimated comparing the partial sequence of Polytomella with the corresponding region of its Chlamydomonas counterpart.
b An identical sequence could be constructed for P. parva from EST data (GenBank accession number BK006875).
c An identical sequence could be constructed for P. parva from EST data (GenBank accession number BK006877).
d The partial sequence of ε subunit may be constructed for from the indicated EST data.
e An identical sequence could be constructed for P. parva from EST data (GenBank accession numbers EC750491, EC750268, EC750247, and EC750141).
1441A. Cano-Estrada et al. / Biochimica et Biophysica Acta 1797 (2010) 1439–1448where λ is the wavelength used and 2θ is the scattering angle. The
sample-to-detector distance was set at 1602.6 mm, allowing detection
of a q range from 0.009 to 0.1979 Å−1. Monodispersity of the samples
was conﬁrmed by Guinier plots of the data, which were linear at small
angles [24], and molecular weight calculations by using hen egg
lysozyme as standard (not shown) and with the calculation tool, SAXS
MoW [25]. Data were corrected properly and ﬁtted using GNOM [26],
yielding the pair distance distribution function [p(r)], the radius of
gyration (Rg), and maximum distance (Dmax) of the enzyme. Particle
low-resolution models were restored using DAMMIN, which allows ab
initio shape determination by simulated annealing using a single-phase
dummy atommodel [27]. Several runs of ab initio shape determination
led to consistent results and the obtained ﬁnal particle shape is an
average of 10 independent models, performed with DAMAVER [28].
2.8. Electron microscopy studies
The algal dimeric ATP synthase obtained from the digitonin
containing glycerol gradientwas diluted to a ﬁnal protein concentration
between 20 and 50 μg/mL in 50 mM Tris–HCl, pH 8.0, 10% glycerol,
1 mMEDTA, and 0.02% digitonin. Samples of 5 μL were applied to glow-
discharged carbon-coated copper grids for negative staining. Gridswere
washed once with water and stained with 1% uranyl acetate for 1 min
and dried. Grids were examined in a JEOL JEM2100 transmission
electron microscope (JEOL USA) operating at 200 kV. Images wererecorded on a 4096×4096 slow-scan charge-coupled device (F415-MP;
TVIPS GmbH) in single-frame montage mode. Images of the stained
samples were recorded with an underfocus of 1.5 μm and an electron
magniﬁcation of ×40,000, setting the 1st zero of the contrast transfer
function at 1/20 Å−1. Single particles were selected with the Boxer
program (EMAN package) [29] and subsequently analyzed with the
IMAGIC-5 package [30] as previously described [31]. Imageswere band-
pass-ﬁltered to eliminate unwanted spatial frequencies (b0.008 Å−1
and N0.133 Å−1) and normalized. Data sets were classiﬁed, and initial
references for multireference alignment were generated by alignment
by classiﬁcation [32]. Multireference alignment was iterated until no
further improvement was observed.
2.9. Three-dimensional reconstruction
For starting up the three-dimensional reconstruction from EM
images, two molecules of yeast F1c10 crystal structure (1qo1.pdb) [33]
were arranged as a dimer so that projections of the model matched the
projections of the enzyme obtained from themulti reference alignment
analysis. Model building was done in Chimera [34]. In the structural
model, mitochondrial F1 was replaced by threefold symmetric α3β3
from Bacillus PS3 (1sky.pdb) [35]. Projections of the model then served
as references to align a data set of 9300 images. Subsequent reﬁnement
was performed by alignment of the raw images with an increasing
number of projections of the 3D reconstruction from the preceding
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was performed assuming two-fold symmetry of the ATP synthase dimer
complex. After seven rounds of reﬁnement the resulting 3Dmodel of the
Polytomella ATP synthase was ﬁltered to a resolution of 20 Å and dis-
played in Chimera. Details of the image analysis and three-dimensional
reconstruction will be published elsewhere.
2.10. Sequence analysis in silico
Expressed sequence tags from Polytomella parva (TBestDB) [36]
were obtained from ENTREZ at the NCBI server (www.ncbi.nlm.nih.
gov) and used to reconstruct the sequences of subunits δ, ε, a, c, ASA5,
ASA6, and ASA9 of the alga. Prediction of transmembrane helices and
of 3D structure was carried out with the homologous C. reinhardtii
sequences. Transmembrane stretches were predicted by the TMHMM
Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). Full-
chain protein structure prediction was carried out in the Robetta
server (http://robetta.bakerlab.org/).
3. Results
3.1. Resolution of all protein components of the mitochondrial ATP
synthase from the colorless chlorophycean alga Polytomella sp.
A highly homogeneous preparation of Polytomella sp. mitochon-
drial ATP synthase containing 17 different polypeptides with varying
stoichiometries was obtained through the previously detailed three-
step puriﬁcation procedure that involves mitochondria solubilization,
ion exchange chromatography, and glycerol gradient centrifugation
[7]. Previous reports suggested the presence of a proteolyzed ASA3
subunit in the isolated enzyme [7]. Some preparations of the enzyme,
kept always at 4 °C and isolated in the presence of protease inhibitors,
exhibited an ASA3 subunit with the N-terminus sequence SAPG-
SHEHHETPLKMA, indicative of an intact polypeptide.
The subunit composition of the Polytomella mitochondrial ATP
synthase has been previously reported. To search for possible new
subunits thatmay have escaped detection due to the comigration of two
ormore bands, a combined gel electrophoresis systemwas utilized. The
electrophoretic conditions involved ﬁrst dimension in a glycine–SDS–
PAGE system [22] followed by 2D tricine–SDS–PAGE system [19]. TheFig. 1. 2D resolution of the polypeptides that constitute the mitochondrial Polytomella F1F0-
SDS–PAGE system (10% acrylamide). The 1D gel was then subjected to 2D tricine–SDS–PAGE
indicated by the corresponding arrows and labels.2Dgels thus obtained are shown in Fig. 1. This technique allowed almost
complete resolution of all polypeptide components. Notably, subunit a
and subunit OSCP, which migrate together when using only a tricine–
SDS–PAGE system, were completely resolved in this combined 2D
system.
3.2. Cloning and sequencing of cDNAs encoding subunits of the ATP
synthase of Polytomella sp.
Here, we report eight (complete) and three (partial) primary se-
quences of the subunits that constitute the ATP synthases of Polytomella
sp. and P. parva (Table 1). The corresponding genes were cloned and
sequenced from a Polytomella sp. cDNA library, while other sequences
were reconstructed from EST data of P. parva. Both the C. reinhardtii and
the Polytomella enzymes have the same polypeptide composition, and
the corresponding subunits exhibit sequence identities that range from
46% to 86%.
3.3. Close-neighbour relationships of the subunits of the mitochondrial
ATP synthase of Polytomella sp.
To assess close vicinities between polypeptide components, we
carried out cross-linking experiments with several bifunctional
reagents. Examples of cross-linking patterns obtained with the
puriﬁed algal ATP synthase have been shown before [7,9]. Novel
cross-link products were obtained using additional bifunctional
reagents (data not shown but included in Fig. S1 only for review
purposes). Table 2 summarizes the different cross-link products that
have been unambiguously and reproducibly identiﬁed in several
experiments. The inferred close vicinities between polypeptides were
used to reassess the overall topology of the algal ATP synthase (see
below).
3.4. Generation of subcomplexes of the mitochondrial ATP synthase of
Polytomella sp. by detergent treatment
A second approach to assess subunit–subunit interactions is partial
dissociation of the complex to generate subcomplexes, which are
assumed to keep the original subunit–subunit interactions they had in
the intact complex. A carefully controlled dissociation procedure wasATP synthase. Polytomella ATP synthase (100 μg of protein) were resolved in a glycine–
(14% acrylamide) and stained with Coomassie brilliant blue. The identiﬁed subunits are
Table 2
Close vicinities between subunits of the algal ATP synthase inferred from cross-linking
experiments.
Homobifunctional Heterobifunctional
Water-insoluble Water-soluble Water-insoluble Water-soluble
DSP DTSSP SPDP Sulfo-LC-SPDP
α+β α+β α+β α+β
α+OSCP α+OSCP α+OSCP α+OSCP
——— ——— γ+δ γ+δ
ASA1+ASA4 ——— ——— ———
ASA1+ASA7 ——— ——— ———
——— ——— ——— ASA2+ASA4+ASA7
ASA2+ASA4 ASA2+ASA4 ASA2+ASA4 ASA2+ASA4
ASA2+ASA7 ASA2+ASA7 ASA2+ASA7 ASA2+ASA7
ASA3+ASA8 ——— ——— ———
ASA6+ASA6 ——— ——— ———
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of incubation at high temperature in the presence of LM, the ATP
synthase complex partially dissociates. Both the dimeric and mono-
meric forms of the enzyme can also be observed in the 2D elec-
trophoretic pattern (Fig. 2). The monomeric form (V) shows a
diminished presence of subunits ASA6 and ASA9 as suggested
previously [8]. ASA6 and ASA9 may be implicated in the dimerization
of the enzyme. Also, a 62-kDa subcomplex formed by ASA2–OSCP was
observed. Thus, a novel subunit–subunit interaction, not previously
detected by the cross-linking experiments, was identiﬁed (Fig. 2).3.5. Estimation of the stoichiometry of several subunits of the algal ATP
synthase as judged by reactivity with cysteine-labelling reagents
The stoichiometry of the conserved subunits that constitute the
algal ATP synthase is believed to be similar to the one of orthodox
enzymes. Thus a α3/β3/γ1/δ1/ε1/a1/OSCP1 stoichiometry is expectedFig. 2. Subcomplexes of the algal ATP synthase generated by detergent treatment and contro
for 30 min on ice in the presence of additional 0.5% LM and then heated at 60 °C for 26 sec. Th
1D gel was then subjected to 2D tricine–SDS–PAGE (14% acrylamide) and stained with silve
different polypeptides of the complex are indicated. Some aggregated material (A) was prese
and to the monomeric enzyme (V) are indicated; the monomer exhibits diminished ASA6 an
the ASA2–OSCP subcomplex are indicated.for the motor and catalytic regions of the monomeric enzyme. In
contrast, the stoichiometry of the ASA subunits that constitute the
peripheral stalk is not known. Here, we explored the stoichiometry of
subunits with cysteine-labelling ﬂuorescent probes. The estimated
stoichiometry is limited to those subunits that contain at least one
cysteine residue. The labelling experiments suggest an α3/β3/γ1/δ1/
OSCP1/ASA31/ASA41/ASA51 stoichiometry per monomeric F1F0-ATP
synthase (Fig. 3 and Table 3).3.6. Estimation of the overall dimensions of the ATP synthase of
Polytomella sp. as judged by SAXS
Small-angle X-ray scattering (SAXS) analysis allowed us to obtain
the initial parameters for the construction of a low-resolution model
of the mitochondrial ATP synthase of Polytomella. This technique
provides direct information on the size, shape and oligomeric
structure of biomolecules in solution. The adjusted scattering proﬁle
with the program GNOM [26] is shown in Fig. 4A, together with the
experimental data. From the Fourier transformation of the scattering
data [I(q)], we have calculated the pair distance distribution function
p(r) (Fig. 4B), which gives us direct information about the shape and
size of the algal F1F0-ATP synthase. The calculated p(r) shows a max-
imum intramolecular distance (Dmax) of 400 Å and the obtained ra-
dius of gyration (Rg) is 141.5 Å±0.243 Å (Fig. 4B). The calculated p(r)
is characteristic of an elongated structure (Fig. 4B); however, the
obtained Kratky plot indicates that the protein maintains a globular
fold, with a maximum∼q=0.013 Å−1 (Fig. 4C), as Kratky plots of
unfolded proteins present no intensity maximum [37,38]. The
presence of a loosely associated dimer would account for such
event, yielding an elongated structure but with deﬁned globular
regions. The estimated molecular mass of the complex is of 1696 kDa.
Guinier analysis of the data was performed (Fig. 4D), and linear least
squares ﬁttings were done at the small scattering vector region
(qb1.3×Rg−1), where Rg is the radius of gyration. The Guinier plot
analysis gave an Rg value of 133.4 Å (slope of the ﬁtting=3×Rg−2),lled heat dissociation. The puriﬁed algal ATP synthase (120 μg of protein) was incubated
e mixture was then resolved by BN–PAGE in a 1D gradient gel of 4–12% acrylamide. The
r. Fifty micrograms of puriﬁed algal ATP synthase was added as a control (lane C); the
nt at the start of the 1D gel. The polypeptides corresponding to the dimeric enzyme (V2)
d ASA9 subunits (white arrows). The resolved subunits ASA2 and OSCP resulting from
Fig. 3. Labelling of cysteine residues of the algal ATP synthase with ﬂuorescent probes.
In both panels, the labeled ATP synthase was resolved by tricine-SDS-PAGE and the
images were obtained after scanning the electrophoretic pattern of the ﬂuorescent-
labeled enzymes. The amounts of labeled protein loaded on the original gel (in μg of
protein) are indicated. The labeled subunits are indicated by arrows. Quantiﬁcation of
the ﬂuorescence emitted by each polypeptide was used to calculate subunit
stoichiometries (see Table 3). A) Labelling of the algal ATP synthase with ﬂuorescein-
5-maleimide. B) Labelling of the algal ATP synthase with 5-iodoacetamido-ﬂuorescein.
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moreover, we could observe that the sample was monodisperse at the
measured conditions.
To obtain further information about the three-dimensional fold of
the enzyme, low-resolution ab initio models using the DAMMIN
program were reconstructed [27,39]. A group of 10 models was
generated and averaged with the program DAMAVER [28]. The
obtained volumetric model represents the shape of the molecule,
indicating that the Polytomella ATP synthase is organized as a dimer in
solution (Fig. 5), in accordance with previous reports suggesting the
dimeric nature of the enzyme [4,6,7].Table 3
Subunit stoichiometry of subunits of the algal ATP synthase inferred from cysteine (Cys) la
5-IAF
Subunit name and
(number of Cys)
Fluorescence
(AU)
Estimated
Cys content
Subuni
stoichi
alpha (4) 0.147 10.75 2.68
beta (2) 0.082 6.00 3.00
ASA4 (2) 0.032 2.30 1.15
gamma (2) 0.032 2.30 1.15
ASA3 (3) 0.04 2.90 0.96
OSCP (1) 0.047 3.40 1.13
delta (1) 0.019 1.39 1.39
ASA5 (1) 0.014 1.02 1.023.7. EM analysis leading towards a low-resolution 3D model of the ATP
synthase of Polytomella sp.
The algal ATP synthase obtained from a glycerol gradient in the
presence of 0.02% digitonin proved to be suitable for EM studies.
Representative averages of the enzyme, side and top views, are shown
in Figs. 6A and B. Reconstruction of 59 averages obtained from a data
set of 9300molecular images gave rise to the EM-derived 3Dmodel of
the Polytomella ATP synthase (Figs. 6C, side view, and D, top view).
The ﬁrst round of multireference alignment was based on a 3D
structural model of dimeric ATP synthase generated from two
molecules of the yeast mitochondrial F1c10 complex. Subsequent
reﬁnements were performed independently of the crystallographic
model structure. The association of the two ATP synthase monomers
occurs at the level of the F0 sector, while the F1 domains are quite
distant. An angle of 50° is formed between the long axes of the two
putative monomers. The two F1 sectors are connected by two robust,
peripheral arms that seem to rise from the membrane-embedded
section of one monomer towards the upper part (α and β subunits) of
the F1 sector of the second monomer. These peripheral stalks are
clearly distinguishable from the central stalk (subunits γ, δ, and ε)
that connects the F1 and F0 sectors of the ATP synthase complex.
Figs. 6E and F show ﬁtting of one pair of the crystal structure of the
yeast F1c10 used for the initial alignment into the electron density of
the ﬁnal three-dimensional reconstruction of Polytomella dimeric ATP
synthase.4. Discussion
4.1. Composition of Polytomella sp. ATP synthase
The mitochondrial ATP synthase of chlorophycean algae has an
atypical subunit composition and a unique overall architecture [6,7].
The presence of atypical subunits was originally proposed based on N-
terminal sequences of the polypeptide components of C. reinhardtii
mitochondrial ATP synthase [40] andmining of the green alga genome
[10]. Thus, nine novel subunits, ASA1 to ASA9, were identiﬁed and
demonstrated to be subunits of the algal mitochondrial ATP synthase
[7,8]. The subsequent biochemical characterization of the enzymewas
carried out using the chlorophycean alga Polytomella sp. This colorless
alga, closely related to Chlamydomonas, lacks both chloroplasts and
cell wall, therefore allowing easy isolation of mitochondria and the
subsequent puriﬁcation of oxidative phosphorylation components
[41–43]. To date, genes encoding homologs of these proteins have also
been found in the genome of the alga Volvox carteri (Doe Joint Genome
Institute). The presence of ASA subunits in the mitochondrial ATP
synthase seems to be exclusive of the algal lineage of chlorophycean
alga closely related to Chlamydomonas [44].
Previous work has shown partial resolution of the polypeptides of
Polytomella ATP synthase by SDS–PAGE [7]. Nevertheless, some
subunits migrate together, namely subunits a and OSCP, and subunitsbeling with ﬂuorescent probes.
Fluorescein-5-maleimide
t
ometry
Fluorescence
(AU)
Estimated
Cys content
Subunit
stoichiometry
0.147 10.62 2.65
0.083 6.00 3.00
0.033 2.38 1.19
0.030 2.16 1.08
0.048 3.46 1.15
0.044 3.10 1.03
0.018 1.30 1.30
0.012 0.86 0.86
Fig. 4. SAXS data of Polytomella F1F0 ATP synthase. A) Experimental results of intensity as a function of the modulus of scattering vector q [I(q)] with their corresponding errors are
shown (white dots); experimental data were ﬁtted using the GNOM program (ﬁt, solid line). B) Pair distance distribution p(r) of the enzyme calculated using the program GNOM.
C) Kratky plot for the scattering of ATP synthase. D) Linear ﬁt for the Guinier plot.
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techniques that allowed the resolution of subunits a and OSCP by two-
dimensional electrophoresis. The complete resolution of all polypep-Fig. 5. Three-dimensionalmodel of PolytomellaATP synthase inferred fromSAXSdata. Themod
particle models were restored using the program DAMMIN. Several runs of ab initio shape
independentmodels, performedwith DAMAVER. The three structures shown are 90° rotationstides (except ε and ASA9 that still comigrate) will allow further
characterization of the interaction between these subunits. The res-
olution of the constituents of the algal mitochondrial ATP synthaseel strongly suggests that the algal ATP synthase is structured as a dimer in solution.Ab initio
determination led to consistent results and the ﬁnal particle shape is an average of 10
of the samemodel and thesewere generatedwith the software PyMOL (www.pymol.org).
Fig. 6. Representative EM images and preliminary 3D structural of the Polytomella ATP synthase. A and B) Particle images of the algal ATP synthase obtained after averaging 100 to
150 single-molecule images (A, side view; B, top view). C and D) 3D structural model of the algal mitochondrial ATP synthase derived from EM studies (C, side view; D, top view).
E and F) Fitting of the crystal structure model of the yeast F1c10 subcomplex into the EM-derived electron density of Polytomella ATP synthase.
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detection and that the entire subunit composition of the enzyme is
most probably the one listed in Table 1.
4.2. Revisiting the topological disposition of the subunits
Cross-linking reagents have been used to assess close vicinity of
polypeptides assembled into a supramolecular complex. Previous
work carried out with the Polytomella ATP synthase has established
neighboring interactions between subunits [7,9]. Here, we extended
this work using additional cross-linking agents. The overall cross-link
data are summarized in Table 1. Notably, several cross-link products
are consistently obtained, even when using different bifunc-
tional reagents, such is the case of α+β, α+OSCP, ASA2+ASA4,
and ASA2+ASA7. In contrast, some subunits do not yield cross-linked
products at all; therefore, their possible interactions with other
subunits remain obscure when using this particular experimental
approach. A second strategy used to identify close vicinity of poly-
peptides in an oligomeric complex is partial dissociation of the com-
plex into subcomplexes, either by controlled heat dissociation or by
TDOC treatment. The generated subcomplexes are assumed to
conserve the same subunit–subunit interactions present in the
intact complex. This is the ﬁrst time that interactions between the
nonconserved components of the algal enzyme (ASA subunits) and
orthodox components (OSCP) has been demonstrated.
The stoichiometry of subunits of orthodox ATP synthases has been
studied using different approaches [45–47]. Here, we labelled cysteine
residues using ﬂuorescent cysteine-labeling reagents. The obtained
data suggest a 1:1:1:1 stoichiometry of subunits ASA3, ASA4, andASA5
with respect to the γ subunit. It is conceivable that the rest of the ASA
subunits are also in a 1:1 stoichiometry with respect to γ, as judged by
Coomassie blue staining of tricine–SDS gels. Nevertheless, further
experimental work using other labelling approaches is required.
The transmembranehelices (TM) of the polypeptides that constitute
the algal ATP synthase were predicted in silico. Three subunits seem to
cross the inner mitochondrial membrane: subunit a (with ﬁve TM),
subunit c (two TM), and subunit ASA8 (with a single TM). In addition,
three subunits exhibited hydrophobic pockets: subunits OSCP, ASA5,
and ASA6. Full-chain protein structure prediction (3D modelling)
yielded globular models for all ASA subunits, except for ASA4 that
exhibits an elongated shape with coiled coils.Altogether, cross-link experiments, dissociation experiments, cyste-
ine labeling, and in silico predictions suggest structural features of
subunits that are in accordancewith the topologymodel of the algal ATP
synthase shown in Fig. 7.
4.3. Overall structure of the complex as inferred from SAXS and EM
analyses
X-ray scattering measurements have been used to determine the
structure of isolated subunits of ATP synthases, in particular, of the
dimeric b subunit of the F1F0-ATP synthase of Escherichia coli [48] and of
the H subunit of the A1A0-ATP synthase of the archaea Methanocaldo-
coccus jannaschii [49]. Here, a low-resolution model of the entire
Polytomella mitochondrial ATP synthase was generated from the
analysis of SAXS data. The obtained model clearly indicates the dimeric
nature of the PolytomellaATP synthase,with amaximum intramolecular
distance of 400 Å and a radius of gyration of ∼141 Å, as calculated with
the program GNOM (Fig. 4). The data strongly suggest that the algal
enzyme maintains a dimeric structure in solution, with an estimated
molecular mass of 1696 kDa, which supports previous data based on
BNE–PAGE and theoretical calculations based on the molecular masses
of the different subunits [7]. The two main structural bodies most
probably reﬂect the F1F0moieties and the peripheral stalks, which seem
to be linked by a region with low X-ray scattering properties. The SAXS
analysis suggests that the dimeric nature of the algalmitochondrial ATP
synthase is also maintained in aqueous solution.
Electron (cryo)microscopy of single particles has been a powerful
tool to determine the structure of intact ATP synthases of beef heart
[50] or yeast [51] including the enzyme isolated in its dimeric form
[52]. Here, a preliminary 3D model of the Polytomella mitochondrial
ATP synthase complex was obtained by EM analysis. Themodel shows
the basement of the robust peripheral stalks that protrude from the
transmembrane domain of the complex. The peripheral stalks seem to
extend from the bottom part of the ﬁrst monomer towards the upper
region of the second monomer. This conﬁguration could not be
inferred from previously obtained single-particle images [6]. If
conﬁrmed, this arrangement would suggest that dissociation of the
dimer would disrupt the structure of the whole complex, giving rise to
a structurally unstable monomer. This preliminary model is in
accordance with previous biochemical data, which suggests that the
stable form of the algal ATP synthase is dimeric and that disruption of
Fig. 7. Subunit arrangement of the dimeric algal mitochondrial ATP synthase. A) The
model (only half the dimer is shown) is based on the overall structure of the complex
found in the SAXS and EM studies and on the data obtained from the detergent
dissociation assays and cross-linking experiments. For illustration purposes, the F1F0
moiety comprising subunits [α3/β3/γ/δ/ε/c10] corresponds to the yeast F1c10
subcomplex crystallographic model obtained by Stock et al. [33]. B) Subunit–subunit
interactions identiﬁed experimentally in this work. White rectangles indicate subunit–
subunit interactions inferred from cross-linking experiments. Black rectangles indicate
subunit–subunit interactions inferred from generating subcomplexes. ASA6 and ASA9
are shown interacting with the corresponding subunits of the adjacent monomer.
1447A. Cano-Estrada et al. / Biochimica et Biophysica Acta 1797 (2010) 1439–1448the enzyme into its corresponding monomers is accompanied by a
structural instability and partial loss of the ATPase activity of the
enzyme [9]. Single-particle EM images of the enzyme show a
relatively large mass of the peripheral arm interacting with the
upper region of the F1 sector where OSCP, ASA2, and ASA4 are
expected to be localized. This large mass is not evident in the 3D
model obtained, and this may be due to the fact that the greatmajority
of the algal ATP synthases are oriented on the carbon ﬁlm to produce
the side view projection in which the ATP synthase appears per-
pendicular to the long axis of the complex. In comparison, few
enzymes were oriented exhibiting a top view.
The model presented here differs from the one recently and
independently proposed by Dudkina et al. [53], which shows a bulkier
mass of the peripheral arm in the region believed to interact with
OSCP. Thus, a larger number of images representing orientations other
than the side view would be desirable to further reﬁne the model
proposed here.There are some obvious structural differences between the SAXS
and the EMmodels, the ﬁrst shows a looser dimer in comparison with
the second, however, this may be due both to the resolution of each
technique and to the different conditions used, i.e., “free in solution”
versus “ﬁxed on a grid.”Nevertheless, bothmodels are consistent with
the algal ATP synthase being a dimeric complex.
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